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Abstract
Medulloblastoma (MB) is the most common malignant brain tumor in children and occurs mainly in the cerebellum.
Important intracellular signaling molecules, such those present in the Sonic Hedgehog and Wnt pathways, are involved in
its development and can also be employed to determine tumor grade and prognosis. Ectonucleotidases, particularly ecto-
59NT/CD73, are important enzymes in the malignant process of different tumor types regulating extracellular ATP and
adenosine levels. Here, we investigated the activity of ectonucleotidases in three malignant human cell lines: Daoy and
ONS76, being representative of primary MB, and the D283 cell line, derived from a metastatic MB. All cell lines secreted ATP
into the extracellular medium while hydrolyze poorly this nucleotide, which is in agreement with the low expression and
activity of pyrophosphate/phosphodiesterase, NTPDases and alkaline phosphatase. The analysis of AMP hydrolysis showed
that Daoy and ONS76 completely hydrolyzed AMP, with parallel adenosine production (Daoy) and inosine accumulation
(ONS76). On the other hand, D283 cell line did not hydrolyze AMP. Moreover, primary MB tumor cells, Daoy and ONS76
express the ecto-59NT/CD73 while D283 representative of a metastatic tumor, revealed poor expression of this enzyme,
while the ecto-adenosine deaminase showed higher expression in D283 compared to Daoy and ONS76 cells. Nuclear beta-
catenin has been suggested as a marker for MB prognosis. Further it can promotes expression of ecto-59NT/CD73 and
suppression of adenosine deaminase. It was observed that Daoy and ONS76 showed greater nuclear beta-catenin
immunoreactivity than D283, which presented mainly cytoplasmic immunoreactivity. In summary, the absence of ecto-
59NT/CD73 in the D283 cell line, a metastatic MB phenotype, suggests that high expression levels of this ectonucleotidase
could be correlated with a poor prognosis in patients with MB.
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Introduction
Medulloblastoma (MB) is the most common malignant brain
tumor in children. It affects preferentially boys around 9 years of
age, with few cases reporting MB among adults of over 20 years of
age. MB occurs mainly in the cerebellum and posterior fossa,
being able to migrate into other brain structures. This tumor
generates extraneural metastasis in 7.1% of the cases, which are
related to its poor prognosis [1,2]. The World Health Organiza-
tion (WHO) has classified MB as a grade IV tumor, the most
malignant grade [3]. This tumor is subdivided into subsets
including desmoplastic/nodular, anaplastic, MB with extensive
nodularity, and large cell MB [3,4]. Sonic Hedgehog, C-MYC,
NOTCH and Wnt induce the main intracellular signaling
pathways involved in MB development, and are related to the
different MB subsets and tumor grade [4–6]. Mutations in
downstream effectors of the Wnt pathway, including the APC
protein and b-catenin, presented in sporadic MB suggest that an
aberrant pathway signaling participates in disease development.
Further, recent studies showed that nuclear or cytoplasmic b-
catenin immunoreactivity could be related with a good or bad
prognosis of patients with MB, respectively [7].
Numerous factors are known to influence malignant tumor
progression. Among them, we can highlight the purinergic system,
which has been identified in many tumor types [8–11]. ATP is a
nucleotide which can be released into the extracellular medium in
response to physiological or pathological conditions and perform
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different functions by activating P2X, determined as ionotropic or
ligand-gated receptor class, and P2Y receptors, classified as
metabotropic G-protein coupled receptors [12,13].
ATP signaling is modulated by a general class of efficient
enzymes denominated ectonucleotidases. They are subdivided
into E-NTPDases (ecto-nucleotide triphosphate diphosphohy-
drolases), E-NPP (ecto-nucleotide pyrophosphate/phosphodies-
terase), Ecto-59NT/CD73 (Ecto-59nucleotidase/CD73) and ALP
(ecto-alkaline phophatase) [14]. NTPDases1, 2, 3 and 8 are
ectoenzymes, which differ in their substrate preference between
ATP and ADP, as well as in their tissue distribution.
Intracellularly expressed NTPDase5 and 6 are secreted into
the extracellular medium upon stimulation, while NTPDases4
and 7 are exclusively intracellular enzymes localized in the
lumen of organelles. The E-NPP family is constituted by seven
ectoenzymes, but only NPP1, 2 and 3 are involved in purinergic
signaling due to their capacity to hydrolyze a wide spectrum of
phosphate substrates, such as conversion of ATP into AMP and
PPi and ADP into AMP and Pi [14–16].
The Ecto-59NT/CD73 is a widely distributed enzyme, bound to
the plasma membrane by a glycosyl-phosphatidylinositol lipid
anchor. Its main function is to hydrolyze AMP into adenosine in
the extracellular medium. Additionally, this enzyme exerts non-
enzymatic functions by participating in cell-cell and cell-matrix
interactions and stimulating intracellular signaling pathways
[15,17,18]. Ecto-alkaline phophatases (ALPs) are composed by
four enzymes broadly distributed in the human body. They
hydrolyze a wide substrate variety included ATP, ADP, AMP and
PPi [19]. However, ALPs comprise an important group of
enzymes that mainly hydrolyze AMP, participating in the
extracellular metabolism of nucleotides as an adenosine producer
[20,21]. Finally, extracellular adenosine availability is controlled
by plasma-membrane-located adenosine transporters and/or by
the action of ecto-adenosine deaminase (ADA) producing inosine
[22].
In the last years, many reports have shown the involvement of
the purinergic system in tumor progression, with focus on the
participation of ectonucleotidases in the pathogenesis of this
process. Our previous findings show that cell lines with high
malignant grade, present elevated ecto-59NT/CD73 and no E-
NTPDase activity [23]. The absence of E-NTPDases results in
accumulation of ATP [24] and the presence of ecto-59NT/CD73
favors adenosine production from AMP which is liberated by the
death of normal tissue surrounding the tumor [25]. Both, ATP and
adenosine, in vitro stimulated glioma cell proliferation [26].
Additionally, gliomas present a positive correlation between an
increase in cell confluence with increased ecto-59NT/CD73
expression, suggesting the participation of this enzyme in
progression of this tumor [9].
The MB cell lines used in this study are considered important
models for evaluating progression and malignancy [27–30]. The
Daoy and ONS76 cell lines are considered to be representative of
a primary MB. On the other hand, the D283 cell line is
representative of a MB that formed metastases in the peritoneum,
from which this cell line was derived. In view of that, we proposed
characterize the profile of ectonucleotidases expression and
activity in MB cell lines. Here we report that Daoy, ONS76 and
D283 cell lines differ in levels of ectonucleotidase expression and
enzymatic activity. We also showed that variation in the ecto-
59NT/CD73 and ADA expression can be associated with
correspondent b-catenin immunoreactivity levels, suggesting the
importance of these enzymes as prognosis markers.
Materials and Methods
Reagents
Cell culture medium, penicillin/streptomycin, trypsin/EDTA
solution and fetal bovine serum were purchased from Gibco
(Gibco BRL, Carlsbad, CA, USA). ATP, ADP and all mono-
phosphate nucleosides, adenosine, thymidine 59-monophosphate
r-nitrophenyl ester sodium salt, 4-Nitrophenol, b-glycero-phos-
phate, D-glucose 6-phosphate sodium salt and levamisole were
obtained from Sigma (Sigma Aldrich Corp., St. Louis, USA). All
other chemicals utilized were of analytical grade.
Cell Culture
Daoy and ONS76 cell lines (representative of a human primary
tumor) and D283 (representative of a human metastatic MB) were
kindly donated by Cancer Research Laboratory and Childrens
Cancer Institute (HCPA and ICI-RS, Rio Grande do Sul, Brazil).
The Daoy and D283 cell lines were originally obtained from the
ATCC (American Type Culture Collection) while the ONS76 cell
line was originally from JCRB (Japanese Collection of Research
Bioresources). The cells were grown and maintained in Dulbeccos
Modified Eagles Medium (DMEM) low glucose, containing
0.5 U/mL penicillin/streptomycin antibiotics and supplemented
with 10% fetal bovine serum (FBS). Cells were kept at 37uC, in an
incubator with minimum relative humidity of 95% and 5% of
CO2 in air.
Nucleotide and Nucleoside Analysis by HPLC
Cells were seeded at density of 104 cells/well in 24-multiwell
plates. After reaching confluence, the cells were washed three
times with incubation medium containing 2 mM MgCl2,
120 mM NaCl, 5 mM KCl, 10 mM glucose, 20 mM Hepes,
pH 7.4. The reaction was started by adding AMP at a final
concentration of 100 mM in 250 mL at 37uC. After different
incubation times (0, 5, 10, 20, 30, 60, 90 min) the supernatant was
taken and maintained on ice. For determination of basal
nucleotide secretion, cells were incubated for 90 min with
incubation medium, without substrate. The collected supernatants
were centrifuged for 30 min at 16.0006g and 4uC, and aliquots of
40 mL were analyzed with a reversed-phase HPLC system
(Supelcosil LC-18, 25 cm64.6 mm, Supelco) in a Shimadzu
Instruments Liquid Chromatograph (Shimadzu, Japan). Separa-
tion was performed by using a linear gradient from 100% of
solvent A (60 mM KH2PO4 and 5 mM tetrabutylammonium
phosphate, pH 6.0) to 100% of solvent B (70% 100 mM KH2PO4
and 5 mM tetrabutylammonium phosphate, pH 6.0 in 30%
methanol). The quantities of purines were detected by absorption
at 254 nm and all peaks were identified by its retention time and
quantified by comparison with standards. Purine concentrations
are expressed as nmol product/mg protein (mean 6 SD). All
assays were carried out in triplicates, and the controls utilized to
correct the non-enzymatic hydrolysis of nucleotides were done by
measuring the peaks present in the same reaction medium in the
absence of cells.
Reverse Transcriptase-PCR and Real-time PCR
Total RNA from MB cell line cultures was isolated with Trizol
LS reagent in accordance with the manufacturer’s instructions.
The RNA samples were treated with DNAse (Deoxyribonuclease I
Kit amplification – Sigma-Aldrich Brasil Ltda) for 10 min at 37uC
and samples were incubated for 10 min at 65uC to stop the
reaction. The cDNA was synthesized with RevertAid reverse
transcriptase (Fermentas – Life Sciences) from 3 mg of total RNA
in a final volume of 20 mL with an oligo dT primer in accordance
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with the manufacturer’s instructions. In the sequence, cDNA
reactions were carried out for 1 hour at 42uC and stopped by
heating to 70uC. Reaction mixes were used for RT-PCR in a total
volume of 25 mL which included 1 mL of the RT reaction, 2.5 mL
106 Taq DNA Polimerase Buffer, 1.5 mL of 25 mM MgCl2,
0.5 mL of 10 mM dNTP mix, 1 mL of each specific primer at
10 mM (Table 1) and 1 mL of Taq DNA polymerase enzyme
(Fermentas – Life Sciences). The PCR cycling conditions were as
follows: 2 minutes at 95uC, 30 seconds at 95uC, 30 seconds at the
annealing temperature and 1 minute at 72uC. All PCR reactions
were carried out for 35 cycles and included a final 10-minute
extension at 72uC. Ten microliters of the PCR reaction were
analyzed on a 2.0% agarose gel containing ethidium bromide and
visualized under ultraviolet light. As a control for cDNA synthesis,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) PCR was
performed. Plasmids containing the sequences for NTPDase1,
NTPDase2, NTPDase3 and ecto-59-nucleotidase/CD73 were
used as positive expression controls for these enzymes; T24 cDNA
was used as a positive control for NTPDase5 gene expression. For
analysis of NPP1, 2 and 3, ALP and ADA gene expression, we
used a mix of human cell lines cDNA. Negative controls were
performed by substituting the templates for DNAse/RNAse-free
distilled water in each PCR reaction.
Real time PCR analysis was performed in the ABI Step One
Plus Instrument (Applied Biosystems, Foster City, CA) using the
Sybr Green amplification System. Each reaction was performed in
a final volume of 25 mL containing 1 mL of the cDNA reversed
transcribed from 3 mg RNA, 12.5 mL of the Sybr Green Universal
PCR Master Mix (Applied Biosystems, Foster City, CA), and
0.3 mL of each forward and reverse primers (10 mM) (Table 1).
The real time PCR reactions were performed using the following
temperature protocols: 95uC for 10 minutes, 40 cycles of 95uC for
15 seconds each and 60uC for 1 minute. As the efficiency of all
reactions was .95%, the DDCt parameter was used for
determination of relative expression data, taking GAPDH gene
expression as an endogenous control for normalization. Standard
curves were measured for each primer set and cDNA sample in
order to verify reaction efficiency.
Assay for Ectonucleotide Pyrophosphatase/
phosphodiesterase Activity
E-NPP activity was assessed using 0.5 mM thymidine 59-
monophosphate r-nitrophenyl (59-TMP-p-Nph), a substrate
marker that is routinely used for the in vitro assay of these
enzymes, as previously described [31]. The cells were incubated in
a reaction medium containing 50 mM Tris-HCl buffer (pH 7.4 or
8.9), 5 mM KCl, 120 mM NaCl, 0.5 mM CaCl2, 60 mM glucose
and 0.5 mM of 59-TMP-p-Nph. The reaction was stopped with
200 mL of 0.2 M NaOH. The amount of released r-nitrophenol
was determined as changes in optical density (OD) at 400 nm in a
microplate reader. Specific activity was expressed as nmol r-
nitrophenol/mg of protein.
Ectonucleotidase Enzymatic Assay
For determination of nucleotide hydrolysis, 24-multiwell plates
containing Daoy, ONS76 and D283 MB tumor cells were washed
three times with phosphate-free incubation medium in the absence
Table 1. Ectonucleotidases primer sequences for PCR experiments.
Primer sequence (T6C) Fragment size (bp)
NPP1 F 59- TGG GTT GAA ACC AAG CTG TGC CA -39 69 94
NPP1 R 59- ACA GGC AGC ATC ACA GCG ACA -39
NPP2 F 59- AGG AGG AGC TCG TTC CAG T -39 59 116
NPP2 R 59- TCC CAT CCT TCT GCT CTC TT -39
NPP3 F 59- GCA GGT GGA CCA GTC AGT GCC -39 69 90
NPP3 R 59- CCG CTG CTT CAG GCC TTC CA -39
NTPDase1 F 59- AGT ATG GGA TTG TGC TGG ATG -39 54 147
NTPDase1 R 59- TCT GAA CAA ATT TTG AGA TTC CAG -39
NTPDase2 F 59- CAG GAT GTG CCC AAA GAG A -39 61 685
NTPDase2 R 59- CCC CAT TGA AAG AGC ATC G -39
NTPDase3 F 59- TTT CCC TGG ACA CCT TCA AC -39 55 184
NTPDase3 R 59- TGT ATT TGG GGC CAA GTC TC -39
NTPDase5 F 59- GCA TTT GCC AAC ACC TTT TT -39 55 179
NTPDase5 R 59- ACA GGG CTC TCT GTG ATG CT -39
Ecto-59NT/CD73 F 59- AGG GGT GTG GAC GTC GTG GT -39 65 84
Ecto-59NT/CD73 R 59- CCC AGC AGG CAC CTC TTT GGA -39
ADA F 59- GGG GAG CGA GAC TTC CGG GGT -39 69 83
ADA R 59- TCC ACC ACC TTG GGG GAC CA -39
ALP F 59- CAT TGG CAC CTG CCT TAC TA -39 59 104
ALP R 59- GCT CCA GGG CAT ATT TCA GT -39
GAPDH F 59- TTC TTT TGC GTC GCC AGC CG -39 64 93
GAPDH R 59- ACC AGG CGC CCA ATA CGA CC -39
Primer sequences for PCR experiments. These primers listed here were used for both RT-PCR and real time PCR reactions with exception of primers for amplification of
NTPDase2 coding sequences. Melting curve analysis was performed to determine the specificity for each real-time PCR reaction.
doi:10.1371/journal.pone.0047468.t001
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of the nucleotides. The reaction was started by addition of 200 mL
of incubation medium containing 2 mM CaCl2, 120 mM NaCl,
5 mM KCl, 10 mM glucose, 20 mM HEPES (pH 7.4) and 1 mM
of ATP or ADP at 37uC. Experimental conditions were the same
as described above for quantifying monophosphonucleoside and
phosphate ester hydrolysis, except that 2 mM MgCl2 was used
instead of CaCl2. The substrates tested included AMP, CMP,
GMP, IMP, UMP, inorganic pyrophosphate (PPi), glucose-6-
phosphate (Glu-6P) and b-glycerophosphate (b-Gly). Substrate
concentrations and the incubation times were chosen to assure the
linearity of the reaction. The reaction was stopped by withdrawing
an aliquot of the incubation medium and transferring it to a pre-
chilled tube containing TCA (10% w/v). The inorganic phosphate
(Pi) released was measured using the malachite green method [32],
using KH2PO4 as a Pi standard. Controls to determinate non-
enzymatic Pi released were performed by incubating cells in the
absence of the substrate in absence of the cells. All samples were
performed in triplicates. Specific activity was expressed as nmol Pi
released/min/mg of protein (nmol Pi/min/mg).
Protein Determination
For quantification of protein concentration, cells were dried,
solubilized with 100 mL of 1 N NaOH and frozen overnight. The
protein concentration was measured by the Coomassie blue
method [33] using bovine serum albumin (BSA) as standard.
Flow Cytometry Analysis
For flow cytometry analysis, Daoy, ONS76 and D283 MB
cancer cell lines were maintained in culture flasks until they reach
confluence. Cells then were trypsinized, dissociated and counted
immediately in a hemocytometer. Then 16106 cells were
centrifuged for 5 min at 400 g and washed twice with phosphate
buffered saline (PBS) plus 1% fetal calf serum (FCS). The
sediments were suspended and incubated for 1 h with purified
mouse anti-human CD73 antibody (BD Pharmingen TM) (1:10)
for 1 h at 4uC. In parallel, the same number of cells was incubated
without antibodies. In sequence, all samples were washed with
PBS plus 1% FCS and centrifuged. The pellets were suspended
and incubated for 1 h with Alexa fluor 555 rabbit anti-mouse IgG
(1:100). After this, labeled cells were washed with PBS and
immediately analyzed by flow cytometry (FACS Calibur, BD
Biosciences, Mountain View, CA). Ten thousands events in the
cell gate were collected and further analyzed using the CellQuest
software (BD Biosciences) and FCS Express 4 software.
Extraction of Nuclear and Cytosolic Fractions and
Western Blotting Assays
For preparation of cell lysates, MB cells were trypsinized,
centrifuged for 10 min at 400 g, washed with PBS and centrifuged
again. The pellet was then dissolved in lysis buffer (10 mM Hepes,
1.5 mM MgCl2, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
0.5% NP40) plus a protease inhibitor cocktail (Fermentas – Life
Sciences) and phosphatase inhibitors (2 mM orthovanadate and
5 mM sodium fluoride), incubated for 15 min on ice, and then
centrifuged for 5 min at 13,000 g and 4uC. The supernatant was
collected and used as the soluble cytosolic fraction. The pellet was
suspended in nuclear fraction buffer (20 mM Hepes,
1.5 mM MgCl2, 300 mM NaCl, 0.25 mM EDTA,
0.25 mM EGTA, 25% glycerol), incubated for 20 min on ice
under agitation, and centrifuged for 20 min at 13,000 g and 4uC.
The supernatant was collected as the nuclear-protein enriched
fraction. Protein quantification was measured by the Coomassie
blue method [33] with bovine serum albumin as the standard.
Thirty micrograms of protein in sample buffer were separated by
SDS-PAGE on a 10% polyacrylamide gel at a constant voltage of
140 V. Then proteins were transferred onto a nitrocellulose
membrane (Thermo-scientific) in a wet system overnight at
constant amperage of 20 mA. For blocking of nonspecific binding,
5% BSA in TBS-T was added for 30 min under agitation at room
temperature. The membranes were then incubated with primary
antibodies for phospho-b-catenin (Ser33/37/Thr41) (Cell Signal-
ing Tech.), HnRNPK (Santa Cruz Biotechnology, Santa Cruz,
USA) and GAPDH (Invitrogen, Life Technologies, Carlsbad,
USA) overnight at 4uC. Membranes were then washed and probed
with the respective secondary antibodies for 1 h under agitation at
room temperature. Primary and secondary antibodies were diluted
in 5% BSA and TBS-T. Membranes were washed in TBS-T and
scanned with TyphoonTM – GE Healthcare. The resulting bands
were subjected to densitometric analysis with the ImageJ software.
Phospo-b-catenin levels were normalized by comparison to
HnRNPK and GAPDH in nuclear and cytosolic fractions,
respectively.
Immunofluorescence Studies
Cells were fixed for 20 min with paraformaldehyde 4% in PBS.
Following 45 min of incubation, blocking solution was added
containing 2% goat serum combined with 0.1% Triton X100
(Sigma Aldrich Corp., St. Louis, USA) in PBS. In the sequence,
cells were incubated for 2 h with anti phospho-b-catenin (Ser33/
37/Thr41) (Cell Signaling Tech.) primary antibodies diluted in
PBS plus 0.1% Triton X-100 and 2% goat serum. After rinsing
with PBS, Alexa fluor 555 rabbit anti-mouse IgG (1:100)
secondary antibody was added for 1 h, followed by a 5-min
incubation with DAPI (49-6-diamino-2-phenylindole). Cells were
rinsed with PBS, mounted on slides with D.P.X. (Sigma Aldrich
Corp., St. Louis, USA), and examined using an inverted
fluorescence microscope (Nikon Eclipse TE 300).
Figure 1. Basal nucleotide secretion by MB cell lines. MB cell
lines were incubated for 90 minutes with incubation medium in the
absence of substrate, as described in Materials and Methods.
Extracellular nucleotide/nucleoside concentrations (ATP, ADP, AMP,
ADO and INO) were measured by HPLC and concentrations were
expressed as mmol product/mg protein (mean6S.D.). Experiments were
performed three times in triplicate and the data obtained were
analyzed for statistical relevance using a Two-Way ANOVA test followed
by the Bonferroni post hoc test. (***) p,0.001 and (*) p,0.05 compared
to control data.
doi:10.1371/journal.pone.0047468.g001
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Statistical Analysis
Data were expressed as mean 6 SD of at least three
independent experiments and were subjected to one-way analysis
of variance (ANOVA) followed by Tukey post-hoc test or two-way
ANOVA followed by Bonferroni test or Tukey post-hoc, when
necessary. Differences between mean values were considered
significant when p,0.05.
Results
Adenine Nucleotide/nucleoside Secretion by Daoy,
ONS76 and D283 MB Cells
MB cells were cultured and used for determination of adenine
nucleotide/nucleoside secretion. All three analyzed cell lines
predominantly secrete ATP to the extracellular medium
(Figure 1). The Daoy cell line presented a higher secretion
(100.04 mMol 614.99) than the ONS76 and D283 MB cell lines
(55.61 mMol 60.145 and 26.48 mMol 610.54, respectively). It is
important to note that the three MB cell lines secreted ADP and
ADO to the extracellular medium, although in much lower
concentrations than secreted ATP. Differences in secretion
between MB cell lines were not statistically significant. The
detected INO probably resulted the deamination of ADO by ADA
present in these cells.
Evaluation of Ectonucleotidase mRNA Transcription
ATP transduces a variety of signals into adjacent cells, and these
effects are controlled by ectonucleotidase activities [15]. Consid-
ering that MB cell lines secrete ATP into the extracellular
medium, mRNA transcription of ectonucleotidases in these cell
Figure 2. Analysis of ectonucleotidases expression in MB cell lines. Total RNA isolated from cell cultures. RT-PCR and real time-PCR reactions
were performed as described in Materials and Methods. (A) RT-PCR analysis of E-NPPs, NTPDases, Ecto-59-NT/CD73, ALP and ADA (B) Quantitative
analysis of the relative expression of E-NPPs, NTPDases, Ecto-59-NT/CD73, ALP and ADA in MB cell lines were performed by real time-PCR where
GAPDH expression was used as internal control for normalization of expression levels. Data were analyzed by the One-Way ANOVA test followed by
the Tukey post hoc test. The experiments were performed three times in triplicate with (* p,0,01) and (*** p,0.001) indicating statistical relevant
difference compared to control data.
doi:10.1371/journal.pone.0047468.g002
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lines was verified by RT-PCR (Figure 2A) and real time-PCR
(Figure 2B). We observed that all MB cell lines expressed only
NTPDase5 mRNA, but NTPDase1, 2 and 3 gene expression
could not be detected (Figure 2A). Real time PCR analysis showed
prominent expression of NTPDase5 in D283 cells when compared
to other cell lines (Figure 2B). Furthermore, the D283 cell line
revealed E-NPP1, 2 and 3 amplicons with expected sizes; real-time
PCR confirmed that these expression profiles were significantly
higher than those in other MB cell lines. The Daoy and ONS76
MB cell lines expressed all three types of E-NPPs, but in very low
proportions, not differing significantly between them.
Next, we evaluated mRNA transcription of enzymes participat-
ing in extracellular ATP metabolism. Ecto-59NT/CD73 mRNA
expression in the primary MB cell lines (Daoy and ONS76) was
higher than in the secondary MB cell line (D283). Daoy and D283
cell lines expressed ALP mRNA in similar proportions, and
ONS76 and D283 cell lines showed similar ADA expression
profiles, both higher than those of the Daoy cell line (Figure 2A
and 2B).
Ecto-nucleotide Pyrophosphatase/phosphodiesterase (E-
NPP) Activity
Considering that E-NPPs can help to keep the ideal nucleotide
levels in the extracellular medium [34] and that its expression was
detected in the MB cell lines here analyzed, we evaluated the
activity of these enzymes as described in Material and Methods.
The three cell lines studied showed greater E-NPP activity in
alkaline pH, the optimum pH for these enzymes in vitro [35].
However, at physiological pH, E-NPP enzymatic activity was
extremely low in the MB cell lines, indicating its participation in
the extracellular nucleotide metabolism even under these condi-
tions (Figure 3).
Figure 3. Time kinetics of ecto-nucleotide pyrophosphatase/
phosphodiesterase activity by MB cell lines. Following reaching
confluence, Daoy (A), ONS76 (B) and D283 (C) MB cell were incubated
with 0.5 mM 59-TMP-p-Nph as described in Materials and Methods. The
values represent mean 6 SD from six independent experiments
performed in triplicate. Specific activities were expressed as nmol r-
nitrophenol/min/mg of protein.
doi:10.1371/journal.pone.0047468.g003
Figure 4. ATP, ADP and AMP hydrolysis by human MB cell
lines. Confluent cultures of Daoy, ONS76 and D283 cells were
incubated with ATP or ADP or AMP as described in the Materials and
Methods section. For D283 cells, a concentration of 2.0 mM and an
incubation time of 30 minutes were used for all substrates, whereas for
Daoy and ONS76 cell lines, 1.0 mM and 30 minutes of incubation to ATP
and ADP, and 2.0 mM and 10 minutes of incubation to AMP were used.
Specific activities were expressed as nmol Pi/min/mg of protein. Bars
represent mean 6 SD of four independent experiments performed in
triplicate. Data were compared by Two-Way ANOVA test following by
Bonferroni post hoc test. (***) p,0.001 and (*) p,0.05 compared to
control data.
doi:10.1371/journal.pone.0047468.g004
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ATP, ADP and AMP Hydrolysis
Next, we aimed to analyze E-NTPDase enzymatic activities. For
this purpose, differential hydrolysis pattern of ATP, ADP and
AMP by Daoy, ONS76 and D283 cell lines were investigated. All
MB cell lines presented a low rate of hydrolysis of ATP and ADP
(Figure 4). However, when we analyzed AMP hydrolysis, the
enzymatic activities of the MB cell lines exhibited a specific and
differential profile with Daoy . ONS76. D283. The specific
activities were 74.1168.33, 9.20660.730 and 3.65460.157 nmol
Pi/min/mg protein, respectively, showing the highest AMPase
activities in the Daoy cell line.
Analysis of Extracellular AMP Metabolism by HPLC
AMPase activity of MB cell lines was further studied by
HPLC. Figure 5 shows that AMP was efficiently hydrolyzed by
Daoy and ONS76 MB cell lines. These cells hydrolyze AMP
almost entirely after 30 min of incubation; however, the profiles
of hydrolysis were different. While Daoy converted AMP into
ADO and accumulated this molecule at the end of the
incubation time, ONS76 produced ADO, which probably was
converted into INO; this molecule was accumulated as the main
product of AMP metabolism. Confirming the results obtained by
the colorimetric assay (Fig. 4), the D283 MB cell line did not
hydrolyze AMP.
Hydrolysis of Other Monophosphonucleosides
Similar to AMP hydrolysis, the MB cell lines exhibited the same
pattern of hydrolysis for other monophosphonucleosides (CMP,
GMP, IMP and UMP) (Figure 6), as expected to ecto-59NT/
CD73 [17]. As it was shown before, Daoy and D283 expressed
ALP mRNA, another enzyme that can hydrolyze AMP and other
phosphate esters. Daoy and ONS76, which presented higher
AMPase activity, revealed very low enzymatic activity in the
presence of Glu-6P or b-Gly-P, two susbtrates for ALP (Figure 7A).
D283 MB cells also poorly hydrolyzed these substrates. In
addition, the potential participation of ALP activity in hydrolysis
of AMP was evaluated by the presence of levamisole, a specific
inhibitor of this enzyme (Figure 7B). AMPase activity in the MB
cell lines was unchanged in the presence of the inhibitor, excluding
ALP participation in AMP hydrolysis. We observed prominent PPi
hydrolysis by all MB cell lines (Figure 7A). Inorganic pyrophos-
phatase activity was also detected in the three cell lines (Fig. 7A),
being in agreement with the presence of an ecto-pyrophosphatase
in all MB cell lines analyzed here.
Figure 5. Metabolism of extracellular AMP by MB cell lines.
Confluent cultures of Daoy (A), ONS76 (B) and D283 cells (C) were
cultivated in 24 well plates until confluence and incubated with 100 mM
AMP in 250 mL of incubation medium as described in Materials and
Methods. Aliquots of the supernatant were collected at 0, 5, 10, 20, 30,
60 and 90 min, and levels of AMP, ADO, INO and HIPO (hipoxantine)
were determined by HPLC. Data were expressed as mean 6 SD values
from two independent experiments performed in triplicate.
doi:10.1371/journal.pone.0047468.g005
Figure 6. Substrate specificity. Following confluence Daoy, ONS76
and D283 MB cell lines were incubated with different monopho-
sphonucleosides, as described in Materials and Methods section. Bars
represent mean 6 SD of 6 independent experiments performed in
triplicate. Specific activities were expressed as nmol Pi/min/mg of
protein. Data were compared by Two-Way ANOVA test following by
Bonferroni post hoc test. (***) p,0.001 and was taken to indicate
statistical significance.
doi:10.1371/journal.pone.0047468.g006
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Analysis of the Ecto-59NT/CD73 Protein Expression by
Flow Cytometry
To confirm the presence of ecto-59NT/CD73 on the cell
surface, we performed flow cytometry analysis as described in the
Material and Methods section. Figure 8A confirms the data
presented in the mRNA expression analysis, where the cell lines
representative of primary MB (Daoy and ONS76) showed higher
expression of ecto-59NT/CD73 than the D283 MB cell line,
representative of secondary MB. The results were further
quantified and presented the following percentages of ecto-
59NT/CD73 membrane expression in each MB cell line: Daoy:
74.52% 68.026, ONS76:67.9764.087 and D283:3.11561.393.
Phospho-b-catenin MB Cell Expression
b-catenin is a downstream effector of the Wnt canonical
pathway and, as described before, it is important for MB tumor
prognosis and staging [3,5]. We used immunofluorescence and
Western blotting assays for detecting phospho-b-catenin expres-
sion in the MB cell lines used here. Firstly, we observed that Daoy
and ONS76 showed mainly nuclear immunoreactivity to phospho-
b-catenin, while the D283 MB cell line revealed immunoreactivity
for this protein in the cytosol (Figure 9A). These qualitative data
were confirmed by Western blotting of cytosolic and nuclear
fractions compared to their respective controls, GAPDH and
HnRNPK (Figure 9B).
Discussion
In the present work, we have studied expression and activity of
ectonucleotidases in three different medulloblastoma (MB) cell
lines (Daoy, ONS76 and D283). ATP is released into the
extracellular medium under physiologic or pathologic conditions,
stimulating various types of signaling pathways [12]. The analyzed
MB cell lines secreted ATP into the extracellular medium in a
micromol rate. The obtained data are in line with previous results
of our group with the U138MG glioma cell line which also
secreted ATP [36]. Moreover, extracellular ATP at 100 mM
Figure 7. Extracellular hydrolysis of phosphate esters by MB
cell lines. After the confluence, the MB cells were incubated and the
inorganic phosphate amount was analyzed as described in the Materials
and Methods. (A) b-glycerophosphate (b-Gli-P), glucose-6-phosphate
(Gli-6-P) and inorganic pyrophosphate (PPi), specific substrates to
unspecific phosphatases were used to evaluate the enzymatic activity
of these enzymes. (B) The MB cells were incubated with AMP in the
presence of levamisole, a specific alkaline phosphatase inhibitor, to
evaluate the influence of the phosphatases activity in AMP hydrolysis.
Specific activities were expressed as nmol Pi/min/mg of protein. Data
were compared by Two-Way ANOVA test following by Bonferroni post
hoc test. All experiments were performed in triplicate.
doi:10.1371/journal.pone.0047468.g007
Figure 8. Flow cytometry analysis of ecto-59-NT/CD73 protein
expression in Daoy, ONS76 and D283 MB cell lines. Confluent
MB cell lines were trypsinized and prepared as described in Materials
and Methods. After incubation with purified mouse anti-human CD73
antibody (1:10) and labeling with Alexa fluor 555 Rabbit anti-mouse IgG
(1:100), cells were analyzed by flow cytometry. (A) Results are shown as
the ratio of labeled over non-labeled cells. (B) Representative graphic of
ecto-59NT/CD73-positive cells. Statistical relevance was analyzed by the
One-Way ANOVA test following by the Tukey post hoc test. The
experiments were performed in triplicate. (**) p,0.001 compared to
control data.
doi:10.1371/journal.pone.0047468.g008
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stimulated glioma cell proliferation [26], while being cytotoxic to
rat organotypic hippocampal slice cultures [24].
Once in the extracellular medium, ATP is subject to degrada-
tion by ectonucleotidases. The results presented here show that
MB cell lines do not express E-NTPDases, with exception of
NTPDase5. These data are in accordance with those of malignant
gliomas, which present very low ATPase and ADPase activities
when compared to their normal counterparts, the astrocytes [23].
The presence of a dominant NTPDase2 in primary astrocyte
cultures from hippocampus, cortex and cerebellum [25] may
indicate a loss in E-NTPDase expression/activity during the
malignant transformation of brain tumors. Similarly, NTPDase5,
an intracellularly expressed enzyme considered to act as a proto-
oncogene, is not present in normal astrocytes. Consequently, its
expression rate may correlate with the degree of malignancy
[11,37].
E-NPPs also hydrolyze di- and tri-phosphate nucleotides in the
extracellular medium. Various tissue types express these enzymes,
which are associated with a variety of pathophysiological and
biochemical functions [35,38]. Here, we demonstrate that Daoy
and ONS76 reveal low expression and activity of all analyzed E-
NPPs when compared to the D283 cell line. D283 cells expressed
all E-NPPs in the following order: NPP2. NPP1. NPP3. NPP3
expression was observed in immature astrocytes of pre-natal and
neonatal rats, collaborating with other proteins for glial cell tumor
transformation following treatment with N, N’-ethylnitrosourea
[35]. Therefore, our hypothesis is that expression this enzyme is
correlated with an undifferentiated cell stage. NPP1, a suggest
marker for glioma malignancy, was present in the rat glioma C6
cell line, where together to NPP3, was responsible for hydrolyzing
low ATP concentrations in the C6 glioma cell line (1–10 mM) [39].
In the study we show that E-NPP activity was also present at low
levels as judged by hydrolysis rates of its specific artificial substrate,
59-TMP-p-Nph. These results together with the absence of E-
NTPDase expression, is in line with low hydrolysis rates of ATP
and ADP nucleotides, and this may be attributed to E-NPP
activity.
NPP2 exerts numerous functions including promotion of
angiogenesis, cell proliferation and differentiation. NPP2 was the
most prominent E-NPP enzyme expressed by the D283 cell line,
which was derived from a metastatic tumor. This observation
agrees with previously published reports suggesting functions of
NPP2 as stimulator of tumor motility in melanoma cells and in
breast cancer. Furthermore, expression of this enzyme was up-
regulated in lung cancer and related to the degree of growth and
invasiveness [35,40]. This data, associated with ATP secretion
presented by MB cell lines is in accordance with the current
literature, suggesting that ATP is accumulated in the extracellular
space of MB cells.
An important finding of our present work is that primary MB
tumor cells, such as Daoy and ONS76 lines express ecto-59NT/
CD73 while the D283 cell line, representative of a metastatic
tumor, showed very low expression of this enzyme. These results
are intriguing considering that increased ecto-59NT/CD73
expression/activity is the most evident alteration in the ectonu-
cleotidase pathway related to malignancy grades of different tumor
types, including gliomas [8]. In addition, we showed that the three
MB cell lines express the ecto-adenosine deaminase (ADA) in an
inverse order compared to the expression profile of ecto-59NT/
CD73, confirmed by differences in adenosine and inosine
production, as demonstrated in Figure 5.
A possible explanation for this inversion of expression/activity
patterns of ecto-59NT/CD73 and ADA in MB cells may be
provided by the Wnt/b-catenin pathway. Wnt/b-catenin induced
signal transduction regulates the expression of several genes
relevant for cancer, including MB [41]. Briefly, b-catenin
cytoplasmic levels may be controlled by the Wnt pathway, since
it can destabilize a multimeric protein complex in the cytoplasm,
leading to augmented levels of free b-catenin, which undergoes
nuclear translocation. In the pathway inactive state, GSK-3b and
APC, both present in the cytosolic protein complex, phosphorylate
cytosolic b-catenin, which then becomes ubiquitinated for
subsequent cytoplasmic degradation [7,42]. Mutations of APC
were detected in a wide variety of human cancers, including MB.
Deficient b-catenin phosphorylation by APC impairs its cytoplas-
mic degradation and consequently favors phospho-b-catenin
translocation to nucleus [42]. In addition, cytoplasmic immuno-
reactivity for b-catenin in tumor tissue samples of patients with
MB was associated with a poor prognosis, while nuclear
immunoreactivity for b-catenin was associated with a better
prognosis, with patients demonstrating a greater life expectancy
[7].
The expression of ecto-59NT/CD73 and ADA is inversely
regulated by interactions between b-catenin and TCF/LEF,
resulting in a nuclear protein complex which interacts with the
promoter region of these genes. In agreement, transfection of b-
catenin and TCF-1 genes in Rat-1 cells augmented ecto-59NT/
CD73 and a decrease ADA activity and expression [43]. Our
results showed that b-catenin nuclear immunoreactivity was
higher in Daoy and ONS76 cell lines than in D283 cells.
Considering that the metastatic phenotype is associated with poor
patient prognosis [41], we suggest that the absence of ecto-59NT/
CD73 and the presence of ADA in the D283 cell line, a metastatic
MB phenotype, may be related with its poor prognosis. Further
studies are needed to fully elucidate the participation of these
enzymes in MB progression.
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Figure 9. Cytosolic and nuclear P-b-catenin expression in MB cell lines. Phospho-b-catenin expression was determined by (A)
Immunofluorescence and (B) Western blotting assays as described in Materials and Methods. For immunofluorescence, images were captured at
objective lens of 206magnification and the cytosolic and nuclear Phospho-b-catenin immunoreactivity were observed at merge column. For Western
blotting, relative Phospho-b-catenin levels of the cytosolic and nuclear fractions obtained by densimetric analysis of protein bands detected in
Western blots were compared to GAPDH and HnRNPK expression levels, respectively. Bars represent mean 6 SD of 3 independent experiments
performed in triplicate. Data were compared by One-Way ANOVA test following by the Tukey post hoc test. (* p,0,01) compared to control data.
doi:10.1371/journal.pone.0047468.g009
The Role of Ectonucleotidases in MB Cell Lines
PLOS ONE | www.plosone.org 10 October 2012 | Volume 7 | Issue 10 | e47468
References
1. Koeller KK, Rushing EJ (2003) From the archives of the AFIP: medulloblas-
toma: a comprehensive review with radiologic-pathologic correlation. Radio-
graphics 23: 1613–1637.
2. Muoio VM, Shinjo SO, Matushita H, Rosemberg S, Teixeira MJ, et al. (2011)
Extraneural metastases in medulloblastoma. Arq Neuropsiquiatr 69: 328–331.
3. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, et al. (2007) The
2007 WHO classification of tumours of the central nervous system. Acta
Neuropathol 114: 97–109.
4. Schmidt AL, Brunetto AL, Schwartsmann G, Roesler R, Abujamra AL (2010)
Recent therapeutic advances for treating medulloblastoma: focus on new
molecular targets. CNS Neurol Disord Drug Targets 9: 335–348.
5. Roussel MF, Robinson G (2011) Medulloblastoma: advances and challenges.
F1000 Biol Rep 3: 5.
6. Rodini CO, Suzuki DE, Nakahata AM, Pereira MC, Janjoppi L, et al. (2010)
Aberrant signaling pathways in medulloblastomas: a stem cell connection. Arq
Neuropsiquiatr 68: 947–952.
7. Ellison DW, Onilude OE, Lindsey JC, Lusher ME, Weston CL, et al. (2005)
beta-Catenin status predicts a favorable outcome in childhood medulloblastoma:
the United Kingdom Children’s Cancer Study Group Brain Tumour
Committee. J Clin Oncol 23: 7951–7957.
8. Spychala J (2000) Tumor-promoting functions of adenosine. Pharmacol Ther
87: 161–173.
9. Bavaresco L, Bernardi A, Braganhol E, Cappellari AR, Rockenbach L, et al.
(2008) The role of ecto-59-nucleotidase/CD73 in glioma cell line proliferation.
Mol Cell Biochem 319: 61–68.
10. Stagg J, Smyth MJ (2010) Extracellular adenosine triphosphate and adenosine in
cancer. Oncogene 29: 5346–5358.
11. Stella J, Bavaresco L, Braganhol E, Rockenbach L, Farias PF, et al. (2009)
Differential ectonucleotidase expression in human bladder cancer cell lines. Urol
Oncol 28: 260–267.
12. Fields RD, Burnstock G (2006) Purinergic signalling in neuron-glia interactions.
Nat Rev Neurosci 7: 423–436.
13. Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H (2009)
Purinergic signalling in the nervous system: an overview. Trends Neurosci 32:
19–29.
14. Robson SC, Sevigny J, Zimmermann H (2006) The E-NTPDase family of
ectonucleotidases: Structure function relationships and pathophysiological
significance. Purinergic Signal 2: 409–430.
15. Zimmermann H (2000) Extracellular metabolism of ATP and other nucleotides.
Naunyn Schmiedebergs Arch Pharmacol 362: 299–309.
16. Zimmermann H, Zebisch M, Strater N (2012) Cellular function and molecular
structure of ecto-nucleotidases. Purinergic Signal 8: 437–502.
17. Strater N (2006) Ecto-59-nucleotidase: Structure function relationships. Pur-
inergic Signal 2: 343–350.
18. Yegutkin GG (2008) Nucleotide- and nucleoside-converting ectoenzymes:
Important modulators of purinergic signalling cascade. Biochim Biophys Acta
1783: 673–694.
19. Millan JL (2006) Alkaline Phosphatases : Structure, substrate specificity and
functional relatedness to other members of a large superfamily of enzymes.
Purinergic Signal 2: 335–341.
20. Ohkubo S, Kimura J, Matsuoka I (2000) Ecto-alkaline phosphatase in NG108–
15 cells : a key enzyme mediating P1 antagonist-sensitive ATP response.
Br J Pharmacol 131: 1667–1672.
21. Picher M, Burch LH, Hirsh AJ, Spychala J, Boucher RC (2003) Ecto 59-
nucleotidase and nonspecific alkaline phosphatase. Two AMP-hydrolyzing
ectoenzymes with distinct roles in human airways. J Biol Chem 278: 13468–
13479.
22. Franco R, Casado V, Ciruela F, Saura C, Mallol J, et al. (1997) Cell surface
adenosine deaminase: much more than an ectoenzyme. Prog Neurobiol 52:
283–294.
23. Wink MR, Lenz G, Braganhol E, Tamajusuku AS, Schwartsmann G, et al.
(2003) Altered extracellular ATP, ADP and AMP catabolism in glioma cell lines.
Cancer Lett 198: 211–218.
24. Morrone FB, Horn AP, Stella J, Spiller F, Sarkis JJ, et al. (2005) Increased
resistance of glioma cell lines to extracellular ATP cytotoxicity. J Neurooncol 71:
135–140.
25. Wink MR, Braganhol E, Tamajusuku AS, Casali EA, Karl J, et al. (2003)
Extracellular adenine nucleotides metabolism in astrocyte cultures from different
brain regions. Neurochem Int 43: 621–628.
26. Morrone FB, Jacques-Silva MC, Horn AP, Bernardi A, Schwartsmann G, et al.
(2003) Extracellular nucleotides and nucleosides induce proliferation and
increase nucleoside transport in human glioma cell lines. J Neurooncol 64:
211–218.
27. Castellino RC, De Bortoli M, Lin LL, Skapura DG, Rajan JA, et al. (2007)
Overexpressed TP73 induces apoptosis in medulloblastoma. BMC Cancer 7:
127.
28. Khaw AK, Silasudjana M, Banerjee B, Suzuki M, Baskar R, et al. (2007)
Inhibition of telomerase activity and human telomerase reverse transcriptase
gene expression by histone deacetylase inhibitor in human brain cancer cells.
Mutat Res 625: 134–144.
29. Belcher SM, Ma X, Le HH (2009) Blockade of estrogen receptor signaling
inhibits growth and migration of medulloblastoma. Endocrinology 150: 1112–
1121.
30. von Bueren AO, Shalaby T, Oehler-Janne C, Arnold L, Stearns D, et al. (2009)
RNA interference-mediated c-MYC inhibition prevents cell growth and
decreases sensitivity to radio- and chemotherapy in childhood medulloblastoma
cells. BMC Cancer 9: 10.
31. Sakura H, Nagashima S, Nakashima A, Maeda M (1998) Characterization of
fetal serum 59-nucleotide phosphodiesterase: a novel function as a platelet
aggregation inhibitor in fetal circulation. Thromb Res 91: 83–89.
32. Chan KM, Delfert D, Junger KD (1986) A direct colorimetric assay for Ca2+ -
stimulated ATPase activity. Anal Biochem 157: 375–380.
33. Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248–254.
34. Stefan C, Jansen S, Bollen M (2006) Modulation of purinergic signaling by NPP-
type ectophosphodiesterases. Purinergic Signal 2: 361–370.
35. Goding JW, Grobben B, Slegers H (2003) Physiological and pathophysiological
functions of the ecto-nucleotide pyrophosphatase/phosphodiesterase family.
Biochim Biophys Acta 1638: 1–19.
36. Braganhol E, Tamajusuku AS, Bernardi A, Wink MR, Battastini AM (2007)
Ecto-59-nucleotidase/CD73 inhibition by quercetin in the human U138MG
glioma cell line. Biochim Biophys Acta 1770: 1352–1359.
37. Villar J, Arenas MI, MacCarthy CM, Blanquez MJ, Tirado OM, et al. (2007)
PCPH/ENTPD5 expression enhances the invasiveness of human prostate
cancer cells by a protein kinase C delta-dependent mechanism. Cancer Res 67:
10859–10868.
38. Aerts I, Martin JJ, De Deyn PP, Van Ginniken C, Van Ostade X, et al. (2011)
The expression of ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (E-
NPP1) is correlated with astrocytic tumor grade. Clin Neurol Neurosurg 113:
224–229.
39. Grobben B, Anciaux K, Roymans D, Stefan C, Bollen M, et al. (1999) An ecto-
nucleotide pyrophosphatase is one of the main enzymes involved in the
extracellular metabolism of ATP in rat C6 glioma. J Neurochem 72: 826–834.
40. Stefan C, Jansen S, Bollen M (2005) NPP-type ectophosphodiesterases: unity in
diversity. Trends Biochem Sci 30: 542–550.
41. Gilbertson RJ, Ellison DW (2008) The origins of medulloblastoma subtypes.
Annu Rev Pathol 3: 341–365.
42. Polakis P (2000) Wnt signaling and cancer. Genes Dev 14: 1837–1851.
43. Spychala J, Kitajewski J (2004) Wnt and beta-catenin signaling target the
expression of ecto-59-nucleotidase and increase extracellular adenosine gener-
ation. Exp Cell Res 296: 99–108.
The Role of Ectonucleotidases in MB Cell Lines
PLOS ONE | www.plosone.org 11 October 2012 | Volume 7 | Issue 10 | e47468
